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In  this  study,  it  was  found  that  a  remarkably  enhanced  performance  could  be  achieved  in  pillar  array 
device  with  layered  electrode  through  coordinate  regulation  between  thermoelectric  pillar  array  and 
layered  electrode  structures.  The  highly  ordered  vertical  n-Bi2Te2.7Seo.3  pillar  array  and  layered  structure 
Ag  films  were  fabricated  by  a  magnetron  sputtering  method.  The  measurement  result  showed  that  the 
Bi2Te2.7Seo.3  pillar  array  and  the  layered  Ag  film  were  beneficial  for  improvement  of  in-plane  properties, 
being  a  promising  choice  for  planar  micro-devices.  These  films  have  been  integrated  into  low-dimension 
planar  devices  using  mask-assisted  deposition  technology.  The  performance  of  the  pillar  array  device 
with  layered  Ag  film  electrode  has  been  tested,  which  was  very  superior  to  that  of  the  pillar  array  device 
with  ordinary  structure  electrode.  For  the  typical  38  legs  device  with  layered  structure  electrode,  the 
output  voltage  and  maximum  power  were  up  to  12.4  mV  and  16.02  pW,  respectively,  for  a  temperature 
difference  of  65  K.  The  device  could  produce  a  11.1  K  maximum  temperature  difference  at  current  of 
50  mA.  Our  results  demonstrated  a  route  to  tailor  unique  thermoelectric  pillar  array  and  layered  elec¬ 
trode  nanostructure  inside  micro-devices  so  as  to  effectively  improve  device  performance. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Solid-state  TE  (thermoelectric)  generator  and  cooler  composed 
of  n  or/and  p  semiconductor  elements  can  be  used  for  conversion  of 
heat  to  electricity,  and  vice  versa.  Their  great  potential  in  providing 
cleaner  form  of  energy  and  reducing  environmental  contamination 
has  been  widely  recognized  [1-5],  Many  different  approaches  have 
been  proposed  and  attempted  to  improve  the  performance  of  such 
devices  [6,7],  Solid-state  power  generation  and  cooling  devices 
have  recently  shown  promising  prospects  through  use  of  low¬ 
dimensional  nanostructured  TE  materials,  among  which 
Sb-Bi-Te  materials  are  most  frequently  studied;  for  examples, 
Francioso  et  al.  [8]  reported  that  a  100-pair  thermocouple  TE 
generator  could  produce  a  maximum  open-circuit  voltage  (V0p)  of 
430  mV  and  estimated  output  power  (Pmax)  of  32  nW  at  tempera¬ 
ture  difference  (AT)  of  40  K.  Kim  et  al.  [9]  have  fabricated  a  242-pair 
thermocouple  generator  which  could  exhibit  V0p  of  294  mV  and 
Pmax  of  5.9  pW  at  AT  =  22.3  K.  Snyder  et  al.  [10  have  prepared  that 
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126-pair  couples  for  a  device  operating  in  power-generation  mode 
to  produce  Pmax  =  1  pW  on  illumination  by  a  lamp.  Huang  et  al.  [11  ] 
showed  that  a  200-pair  cooler  would  produce  a  1.2  I<  maximum 
temperature  difference  (ATmax)  at  current  of  200  mA.  Silva  et  al. 
[12]  fabricated  a  micro  TE  cooler  with  60  pairs  of  n-p  elements 
which  could  produce  a  ATmax  of  1.3  K  at  an  operating  current  of 
23  mA.  These  reported  devices  have  some  other  advantages,  for 
example,  excellent  V0p  and  good  design  concept,  but  with  the 
drawback  of  low  ZT  values  of  TE  materials  and  parasitic  series  re¬ 
sistances.  However,  the  pillar  array  structure  can  help  to  improve 
the  TE  figure-of-merit,  and  the  layered  structuring  process  possibly 
induces  a  favorable  change  in  the  Fermi  surface  topology  of  elec¬ 
trode  to  improve  the  problems. 

Here,  Bi2Te2.7Seo.3  pillar  array  is  expected  to  be  high  ZT  value  at 
room  temperature  because  of  its  unique  build-up  structure,  and 
layered  Ag  film  is  introduced  into  a  planar  device  as  electrode 
(reducing  Joule  heating  and  improving  thermal  transport)  using 
magnetron  sputtering,  which  can  greatly  improve  electrical  and 
thermal  transport  and  dramatically  enhance  performance  of  a 
planar  micro-device  with  Bi2Te2.7Seo.3  pillar  array  legs.  To  the  best 
of  our  knowledge,  ordered  Bi2Te2jSeo.3  pillar  array  micro-device 
with  layered  Ag  electrode  has  been  not  reported  to  date.  The 
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purpose  of  this  paper  is  to  provide  a  proof  of  principle  demon¬ 
strating  that  ordered  TE  pillar  array  and  layered  structure  electrode 
can  be  integrated  into  low-dimensional  TE  planar  devices  using  a 
simple  magnetron  sputtering  and  mask-assisted  deposition  tech¬ 
nology.  Our  goal  here  is  to  improve  the  power  generation  and 
cooling  performance  of  such  devices.  Moreover,  we  also  aim  to 
obtain  further  insight  into  the  relation  between  device  micro¬ 
structure  and  device  performance.  It  is  also  the  main  emphasis  on 
synergistic  effect  between  ordered  Bi2Te2jSeo.3  pillar  array  and 
layered  Ag  electrode  for  remarkably  enhancing  thermoelectric  de¬ 
vice  performance.  Such  synergistic  effect  provides  valuable  infor¬ 
mation  for  the  construction  of  various  TE  devices  and  provides 
guidance  for  thermal  management  applications  requiring  simul¬ 
taneous  control  over  electrical  and  thermal  conductivities.  This 
technology  can  be  extended  to  the  case  of  dynamic  hot  spots  by 
integrating  the  multiple  TE  devices  that  can  be  switched  on  and  off 
depending  on  the  chip  is  in  critical  need  of  cooling/heating  or  fully 
utilizing  the  thermal  energy  of  hot  spots  for  power  generation. 

2.  Experimental  section 

In  this  work,  n-Bi2Te2.7Seo.3  pillar  array  was  grown  on  Si02 
substrate  with  thickness  of  0.25  mm  at  350  °C  deposition  tem¬ 
perature  in  a  magnetron  sputtering  system.  Before  deposition,  the 
Si02  substrates  were  cleaned  thoroughly  by  diluted  nitric  acid  and 
acetone,  and  dried  under  the  nitrogen  airflow.  Commercial  60-mm- 
diameter  hot-pressed  Bi2Te2.7Seo.3  (99.99%  purity),  Se  (99.99%  pu¬ 
rity)  and  Te  (99.99%  purity)  targets  (Purchased  from  General 
Research  Institute  for  Nonferrous  Metals,  China)  were  used  for  co¬ 
sputtering  to  compensate  for  evaporated  Se  and  Te  at  high  tem¬ 
perature.  The  Bi2Te2.7Seo.3  target  was  connected  to  a  DC  (direct- 
current)  power  supply  with  power  of  30  W;  while  the  Te  target  was 
connected  to  a  radio-frequency  power  supply  with  power  of  25  W; 
the  Se  target  was  connected  to  a  DC  power  supply  with  corre¬ 
sponding  power  of  14  W.  An  Ag  target  (99.99%  purity)  was  sput¬ 
tered  using  target  power  of  35  W  to  deposit  the  layered  and  the 
ordinary  Ag  electrodes  at  350  °C  and  250  °C  deposition  tempera¬ 
ture,  respectively.  The  base  pressure  was  lower  than  2  x  10~4  Pa, 
and  the  working  pressure  of  argon  was  fixed  at  1  Pa. 

Stainless  steel  masks  with  designed  patterns  were  used  to 
fabricate  devices  connected  electrically  in  parallel,  including  masks 
for  the  TE  film  (mask/)  and  electrode  (maske),  respectively.  The 
process  sequence  and  schematics  of  the  fabricated  TE  device  were 
presented  in  Ref.  [13].  The  size  of  the  parallel  device  is 
22  mm  x  10  mm,  with  each  TE  element  being  2.5  mm  x  0.2  mm  in 
area.  Bi2Te2.7Seo.3  pillar  array  was  first  deposited  onto  the  Si02 
substrate  under  mask/,  then  Ag  electrode  was  sputtered  onto  the 
substrate  with  the  TE  film  using  maske.  All  TE  films  were  grown  to 
thickness  of  2  pm,  and  the  electrode  thickness  was  controlled  to 
500  nm  by  adjusting  the  deposition  rate  and  sputtering  time. 

The  crystal  structures  of  the  Bi2Te2jSeo.3  pillar  array  was 
examined  by  x-ray  diffraction  (XRD,  Rigaku  D/MAX  2200)  using  Cu 
Ka  radiation  (A  =  0.154056  nm).  The  films  and  legs  morphology 
were  observed  by  field-emission  scanning  electron  microscopy  (FE- 
SEM,  Sirion  200).  The  compositions  were  detected  by  EDX  (energy 
dispersive  x-ray  spectroscopy).  Surface  profilometry  (Ambios  XP-2, 
USA)  was  used  to  measure  the  film  thickness.  The  electrical  con¬ 
ductivity  and  Seebeck  coefficient  of  the  films  were  measured  using 
a  ZEM-3  (Ulvac  Riko,  Inc.)  with  a  self-made  test  holder  for  film 
measurement  in  the  in-plane  direction.  The  in-plane  thermal 
conductivity  data  were  collected  using  a  Laser  PIT  (Ulvac  Riko,  Inc.) 
at  room  temperature.  The  principle  of  the  measurement  method  is 
described  by  Kato  et  al.  [14]  in  detail.  The  carrier  concentration  and 
mobility  were  determined  using  a  four-probe  measurement  based 
on  the  Hall  effects  (ECOPIA  HMS-3000)  at  room  temperature.  We 


also  measured  the  overall  resistances  of  the  TE  micro-devices  by  a 
voltammetry  method.  The  output  voltages  of  the  devices  were 
measured  by  a  DC  digital  voltage/current  meter  (Shanghai  SB-2238) 
while  applying  a  temperature  difference  between  the  hot  and  cold 
sides  of  the  devices. 

3.  Results  and  discussion 

Bi2Te2.7Seo.3  pillar  array  was  synthesized  by  a  simple  magnetron 
co-sputtering  technique,  achieving  preferred  growth  at  350  °C 
deposition  temperature  and  1  Pa  working  pressure.  The  XRD 
pattern  of  the  Bi2Te2.7Seo.3  pillar  array  is  shown  in  Fig.  1.  All  peaks 
could  be  indexed  to  rhombohedral  phase  Bi2Te2.7Seo.3  material 
(JCPDS  50-0954).  Compared  with  the  standard  card,  the  intensity 
of  (0  1  5)  peak  of  Bi2Te2jSeo.3  is  dramatically  strong,  indicating 
highly  preferential  orientation  of  the  film  along  the  (0  1  5)  direc¬ 
tion.  Besides,  (0  0  15)  texture  is  weak.  The  intense  and  sharp  XRD 
peaks  from  the  Bi2Te2.7Seo.3  film  are  typical  signatures  of  a  high 
degree  of  crystallinity.  They  reveal  a  single-phase  product  with 
slightly  broadened  reflections,  which  is  typical  for  crystals  with  low 
dimensions.  Bi2Te2.7Seo.3  resulting  from  this  growth  process  is  not 
necessarily  epitaxially  attached  to  the  glass  substrate.  The  atomic 
interactions  between  the  Bi2Te2.7Seo.3  atoms  and  the  atoms  of  the 
amorphous  Si02  substrate  can  locally  obstruct  the  formation  of  a 
perfect  crystalline  order.  In  thin  films  growth,  however,  the  growth 
kinetics  can  be  influenced  by  temperature  and  working  pressure. 
The  deposited  atoms  have  some  energy  for  movement  on  the  sur¬ 
face,  leading  to  atoms  to  overcome  surface  diffusion  barriers,  which 
may  be  beneficial  for  migration  of  deposited  atoms  to  preferred 
sites  for  textures  growth;  that  is,  crystallites  nucleating  with  the 
thermodynamically  preferred  (0  15)  orientation  can  grow,  thus 
tending  to  realize  highly  preferential  growth  in  the  direction  at  the 
selected  depositing  conditions.  It  may  be  speculated  that  the  strong 
(0  1  5)-oriented  lattice  may  allow  some  preferential  route  for  car¬ 
rier  transport,  enhancing  the  carrier  mobility  and  electrical  con¬ 
ductivity  in  the  pillar  array.  This  plays  a  positive  role  on  the  power 
factors  of  the  Bi2Te2.7Se0.3  pillar  array. 

The  Bi2Te2.7Seo.3Te3  pillar  array  is  clearly  shown  by  SEM  images 
in  Fig.  2.  When  viewed  from  the  top  (Fig.  2a),  the  pillar  array  ap¬ 
pears  to  be  relatively  dense  and  uniform,  and  the  surface  topog¬ 
raphy  of  the  film  is  composed  of  nano-grains.  From  the  cross- 
sectional  view  of  the  film  (Fig.  2b),  we  can  observe  that  a  large 
number  of  Bi2Te2.7Seo.3  pillars  have  densely  grown  perpendicular  to 
the  substrate,  along  their  preferential  growth  direction.  The 
observation  of  ordered  growth  is  also  in  agreement  with  the  XRD 
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Fig.  1.  XRD  patterns  of  Bi2Te2.7Se0.3  pillar  array. 
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Fig.  3.  SEM  images  of  (a)  layered  and  (b)  ordinary  Ag  films  with  cross-sectional  view. 


analysis  above.  The  sizes  of  pillars  are  uniform  in  the  Bi2Te2.7Seo.3 
film.  The  diameters  of  pillars  are  estimated  to  be  <  100  nm  (Fig.  2b), 
implying  numerous  periodic  interfaces  in  the  film.  At  350  °C 
deposition  temperature  and  1  Pa  working  pressure,  the  crystal 
growth  in  the  radial  direction  is  much  faster  than  that  of  the  planar 
direction.  Simultaneously,  the  atoms  on  and  near  the  surfaces  of 
pillars  will  lose  some  neighbor  atoms  and  electronic  density.  This 
will  destroy  the  balance  of  these  atoms,  leading  to  interfaces  and 
strained  state.  The  interfaces  and  strained  state  are  mainly 
responsible  for  the  formation  of  the  pillar  array  structure.  As  shown 
in  Figs.  1  and  2,  it  exhibits  that  the  (0  1  5 ^preferential  growth  is  the 
essential  reason  for  the  formation  of  the  ordered  Bi2Te2.7Seo.3  pillar 
array.  It  seems  reasonable  to  assume  that  the  in-plane  thermal 
conductivity  of  the  Bi2Te2.7Seo.3  pillar  array  is  low,  as  expected  on 
the  basis  of  the  novel  structure.  This  is  the  fact  that  the  high  density 
of  roughly  periodic  interfaces  may  produce  thermal  barriers  with 
low  thermal  conductivity  in  the  pillar  array.  The  reduced  thermal 
conductivity  will  also  benefits  from  these  thin  pillars  and  alloy 
atoms  due  to  availability  of  effective  phonon  scattering  centers  and 
increased  probability  of  phonon  annihilation  in  the  pillar  array 
structure  film. 

The  layered  and  the  ordinary  Ag  films  are  shown  in  Fig.  3.  The 
cross-sectional  SEM  micrograph  of  the  layered  film  confirms  that 
the  film  possesses  clearly  layered  microstructure,  indicating  that 
the  grains  obviously  grow  along  the  planar  direction  at  350  °C 
deposition  temperature  (Fig.  3a).  As  seen  from  this  figure,  the  film  is 
formed  of  a  stack  of  a  large  number  of  layers  in  the  planar  direction, 
each  with  thickness  of  ~50  nm.  The  nano-layers  are  similar  as  a 


parallel  micro  channels  for  electrons  in-plane  transport.  For  the 
relatively  high  350  °C  deposition  temperature,  the  nucleation  in  the 
vertical  direction  is  slower  than  the  in-plane  crystal  growth.  The 
deposited  atoms  have  more  energy  for  lateral  movement  on  the 
surface,  leading  to  enhanced  mobility  of  atoms  to  overcome  surface 
diffusion  barriers,  which  may  be  beneficial  for  migration  of 
deposited  atoms  to  in-plane  growth.  By  controlling  growth  pa¬ 
rameters,  the  microstructure  of  the  film  obviously  changed,  as 
shown  in  Fig.  3.  For  deposition  temperature  of  250  °C,  the  ordinary 
structure  Ag  film  is  obtained  (Fig.  3b),  which  is  composed  of 
numerous  bulk-like  particles. 

Subsequently,  the  in-plane  transport  properties  of  the 
Bi2Te2.7Seo.3  pillar  array  were  studied  at  room  temperature,  such  as, 
the  concentration  and  mobility  of  carriers,  the  electrical  conduc¬ 
tivity,  the  Seebeck  coefficient,  and  the  thermal  conductivity,  as 
shown  in  Table  1.  The  Bi2Te2.7Seo.3  pillar  array  is  expected  to  be 
characterized  by  high  ZT~ 0.95  at  room  temperature  because  of  its 
unique  build-up  structure.  In  addition,  the  in-plane  electrical  con¬ 
ductivities  of  the  films  investigated  by  a  ZEM-3  show  that  the 
layered  and  the  ordinary  Ag  films  have  the  electrical  conductivities 
of  8.6  x  107  S/m  and  7.3  x  107  S/m  at  room  temperature,  respec¬ 
tively.  These  films  may  provide  excellent  properties  for  fabrication 
of  a  planar  micro-device  near  room  temperature. 

Thus,  the  Bi2Te2.7Seo.3  and  Ag  films  were  then  introduced  into  a 
TE  micro-device  using  mask-assisted  deposition  technology.  Fig.  4a 
shows  a  photograph  of  38  legs  planar  device  constituted  by  n- 
Bi2Te2.7Seo.3  pillar  array  elements  in  parallel.  Fig.  4b  shows  an 
enlarged  SEM  image  of  the  selected  area  marked  by  a  square  in 


Table  1 

Transport  properties  of  Bi2Te2.7Seo.3  pillar  array  measured  at  room  temperature. 

Pillar  array  Carrier  concentration  Carrier  mobility  Electrical  conductivity  Seebeck  coefficient  Thermal  conductivity  ZT  -300  K 

(  1019/cm3  )  ( cm2/V-s )  (104  S/m)  (pV/K)  (W/m-K) 

Bi2Te2.7Se0.3  -5.7  71  6.5  -208  0.89  0.95 
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Fig.  4.  (a)  Photograph  of  planar  Bi2Te2.7Seo.3  pillar  array  device  connected  electrically  in  parallel;  (b)  SEM  image  of  the  selected  area  marked  by  the  square  in  (a);  (c)  SEM  image  of 
the  layered  electrode  related  TE  legs  for  the  position  marked  by  the  square  in  (b)  with  cross-sectional  view;  (d)  SEM  image  of  the  ordinary  electrode  related  TE  legs  for  the  similar 
position  as  shown  in  (b)  with  cross-sectional  view. 


Fig.  4a.  It  further  exhibits  that  this  detailed  morphology  of  the  Ag 
electrode/TE  pillar  array  interconnects  applied  to  ensure  good 
electrical  contact,  which  is  the  key  to  guaranteeing  good  device 
performance.  Besides,  the  surface  of  the  legs  in  Fig.  3b  shows  that 
the  Bi2Te2.7Seo.3  pillar  array  and  Ag  films  does  not  peel  off  the 
substrate,  showing  good  adhesive  strength  between  the  films  and 
the  Si02  substrate  based  on  van  der  Waals  bonding. 

Fig.  4c  displays  the  cross-section  SEM  image  of  the  bilayer 
structure  for  Ag/Bi2Te2.7Seo.3  film  leg  ends,  corresponding  to  the 
pillar  array  device  with  layered  electrode.  It  is  observed  that 
Bi2Te2jSeo.3  pillar  array  and  layered  Ag  films  have  been  successfully 
incorporated  into  the  micro-devices.  The  cross-sectional  SEM 
micrograph  of  the  TE  legs  confirms  that  the  Bi2Te2.7Seo.3  film  pos¬ 
sesses  a  clearly  pillar  array  microstructure,  obviously  indicating 
that  the  grains  preferentially  grow  along  the  (0  1  5)  direction.  It 
further  exhibits  detailed  morphology  of  the  layered  Ag  electrode/TE 
Bi2Te2.7Seo.3  film  interconnects  applied  to  ensure  electrical  contact, 
which  it  would  have  an  impact  on  device  performance.  For  com¬ 
parison,  a  pillar  array  device  with  ordinary  electrode  was  also 
fabricated.  A  cross-sectional  SEM  of  the  leg  ends  is  shown  in  Fig.  4d. 
The  EDX  results  confirm  that  the  atomic  ratios  are  quite  similar  to 
those  of  the  Bi2Te2.7Seo.3  target  in  these  TE  films. 

Next,  the  performance  of  pillar  array  devices  was  measured.  The 
internal  resistances  (R\n)  of  the  devices  were  obtained  by  a  vol¬ 
tammetry  method.  The  R[n  value  of  the  device  with  layered  elec¬ 
trode  is  2.4  Q  (Table  2),  which  is  much  smaller  than  that  of  the 
device  with  ordinary  electrode  (3.9  Q).  The  resistance  (fif)  of  the 
film  materials  in  the  devices  is  calculated  according  to  the  similar 
method  described  by  Francioso  et  al.  [8].  The  Rvalue  is  about  2.1  Q 


Table  2 

The  highest  open  output  voltage,  output  power  and  cooling  performance  of  pillar 
array  device  with  layered  or  ordinary  electrode. 


Devices 

Kin  (Q) 

RC(Q) 

Power-generator 

Cooler 

(electrode) 

AT  (K)  Vop(mV) 

Pmax  (|iW) 

J(mA) 

ATmax(I<) 

Layered 

2.4 

0.3 

65  12.4 

16.02 

50 

11.1 

Ordinary 

3.9 

1.8 

65  7.2 

3.32 

60 

6.8 

owing  to  high  electrical  conductivity  of  the  pillar  array  material  in 
both  devices.  The  electrical  contact  resistance  ( Rc  =  R[n  -  Rf)  of  the 
interconnection  between  the  electrode  and  TE  film  is  about  0.3  Q  or 
1.8  Q  for  the  device  with  layered  or  ordinary  electrode,  respectively. 
This  implies  that  the  layered  structuring  process  possibly  induces  a 
favorable  change  in  the  Fermi  surface  topology  of  Ag  electrode  to 
significantly  improve  the  electrical  contact  resistance. 

To  measure  the  open  output  voltage  under  a  temperature  dif¬ 
ference  for  the  device,  one  side  of  the  TE  element  was  heated  and 
the  other  side  was  cooled  using  a  self-made  adapted  character¬ 
ization  appliance  as  shown  in  previous  work  [15].  The  temperature 
gradient  was  imposed  parallel  to  the  length  of  the  TE  legs.  The 
output  voltages  of  the  device  were  obtained  by  a  DC  digital  voltage 
meter.  The  maximum  output  power  was  estimated  from  the  open 
output  voltage  and  internal  resistance  of  the  device. 

Fig.  5  shows  the  variation  of  the  open  output  voltage  (V0p)  and 
output  power  (Pmax)  with  temperature  difference  applied  across 
the  devices.  As  seen  from  Fig.  5,  Vop  approximately  linearly 


Ar(K) 


Fig.  5.  Open  output  voltage  and  output  power  for  pillar  array  device  with  layered  or 
ordinary  electrode  as  a  function  of  applied  temperature  difference  (AT). 
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increases  with  the  temperature  difference,  which  also  implies  that 
Seebeck  coefficient  (5)  approximately  remains  constant  with  test 
temperature.  Unlike  for  bulk  Bi2Te3-based  materials,  whose  See¬ 
beck  coefficients  decrease  as  temperature  increases.  The  tempera¬ 
ture  stability  of  S  of  the  Bi2Te2.7Seo.3  pillar  array  is  useful  when  the 
TE  device  is  in  practical  use.  Compared  with  the  pillar  array  device 
with  ordinary  electrode,  the  Vop  and  Pmax  values  of  the  pillar  array 
device  with  layered  electrode  are  greatly  enhanced. 

The  highest  values  of  V0p  and  Pmax  obtained  for  the  pillar  array 
device  with  layered  electrode  used  as  a  power  generator  are 
12.4  mV  and  16.02  pW  at  A T  =  65  K,  respectively  (Table  2).  Pmax  of 
the  device  with  layered  electrode  reaches  about  5  times  larger  than 
that  of  the  device  with  ordinary  electrode  at  AT  =  65  K.  This  implies 
that  the  electrical  contact  resistance  decreases  due  to  the  pillar 
array  leg  ends  wrapped  by  layered  Ag  electrode  film,  thus  greatly 
enhancing  the  performance  of  TE  micro-device.  For  comparison, 
some  devices  integrating  Bi— Sb-Te-based  TE  films  are  shown  in 
Table  3.  The  presented  pillar  array  device  shows  much  better  per¬ 
formance.  However,  these  reported  devices  have  some  other  ad¬ 
vantages,  for  example,  excellent  Vop  and  good  design  concept,  but 
with  the  drawback  of  low  ZT  values  of  TE  materials  and  parasitic 
resistances.  However,  the  presented  device  with  layered  electrode 
possesses  relatively  high  ZT  and  low  R[n,  leading  to  improved  Pmax. 
This  greatly  enhanced  thermoelectric  device  performance  owing  to 
synergistic  effect  between  ordered  Bi2Te2.7Seo.3  pillar  array  and 
layered  Ag  electrode.  However,  the  measured  output  voltages  of  the 
devices  are  lower  than  the  predicted  results  based  on  the  Seebeck 
coefficient  value  of  -208  pV/K  for  the  Bi2Te2.7Seo.3  pillar  array.  This 
may  result  from  a  structural  anisotropy  of  films,  thermal  contact 
effect,  heat  loss  problem  [19],  or  electric  losses  at  the  interconnects 
because  of  the  contact  resistances. 

Based  on  the  Peltier  effect,  the  electrons  in  the  Ag/Bi2Te2.7Seo.3 
junction  will  absorb  sufficient  energy  to  be  transported  to  a  higher 
energy  level  as  the  driving  current  flows  from  one  side  of  the  n- 
Bi2Te2.7Seo.3  leg  toward  the  other  side.  Therefore,  this  junction  will 
serve  as  a  heat  absorber.  At  room  temperature,  cooling  of  the  de¬ 
vices  was  examined  without  any  forced  heat  removal  by  blowing 
air  or  running  water  at  the  heat  sink,  and  all  tests  were  repeated  10 
times.  Fig.  6  shows  the  variation  of  temperature  difference  between 
the  hot  and  cold  end  resulting  from  the  Peltier  effect,  as  a  function 
of  input  current  for  the  devices.  It  is  noticed  that  AT  increases  with 
increasing  current  to  a  certain  optimum  value  of  current,  then 
slowly  decreases.  When  a  current  was  50  mA,  the  38  n-Bi2Te2.7Seo.3 
pillar  array  legs  device  with  layered  electrode  has  5.6  I<  of  cooling 
(down  to  19.4  °C)  and  ATmax  =  11.1  K  at  an  ambient  temperature  of 
about  25  °C.  In  theory,  TE  device  cooling  capacity  is  expressed  as: 
[20] 

Qc  =  aITc-±I2Re-K(Tll-Tc)  (1) 

where  Qc  is  the  heat  power  absorbed  at  the  device  cold  side;  a  is  the 
Seebeck  coefficient;  I  is  the  electric  current  of  the  device;  Re  is  the 
electric  resistance  of  thermoelements;  I<  is  the  thermal 


Fig.  6.  Temperature  difference  (AT)  versus  input  current  for  pillar  array  device  with 
layered  or  ordinary  electrode. 

conductance  of  thermoelements;  Tc,  Th  are  the  temperatures  of  the 
cold  and  hot  sides  of  the  TE  elements,  respectively.  When  differ¬ 
ential  dQc/dl  =  0,  the  value  of  the  electric  current  yields: 

/max  =  $^29.7  mA  (2) 

Re 

This  calculated  value  of  the  electric  current  is  lower  than 
experimental  result  possibly  due  to  the  influence  of  Si02  substrate 
and  thermal  radiation  of  large  surface  areas  of  thermoelements. 
Compared  with  the  device  with  ordinary  electrode,  good  cooling  by 
a  TE  device  with  layered  electrode  is  associated  with  small  R[n 
(Fig.  6;  Table  2).  This  further  confirms  that  the  layered  structure 
electrode  can  be  beneficial  for  improving  the  performance  of  the 
planar  device.  In  comparison  with  previous  research  [10-12,21],  it 
is  noted  that  the  previously  reported  devices  possess  low  TE  film 
thermopower  and  high  device  electrical  resistance,  which  degrade 
the  cooling  produced  these  devices.  These  adverse  factors  are 
improved  in  our  device,  enabling  the  device  connected  electrically 
in  parallel  to  show  relatively  good  cooling  performance.  It  implies 
that  a  remarkably  enhanced  performance  could  be  achieved  in 
pillar  array  device  with  layered  electrode  through  coordinate 
regulation  between  thermoelectric  pillar  array  and  layered  elec¬ 
trode  structures.  In  the  case  where  the  temperature  of  the  cold 
junction  is  fixed  and  thermally  insulated,  according  to 
ATmax  =  0.5ZTc,  the  evaluated  value  may  be  higher  than  the 
measured  result  of  11.1  K.  A  factor  that  should  be  considered  in 
micro-coolers  is  heat  conduction  along  the  metal  wire  to  the  cold 
side  of  the  device  [21  ].  This  will  reduce  the  maximum  cooling.  The 
thermal  conductance  of  the  substrate,  the  cooling  power  loss  from 
the  side  contact,  and  radiation  losses  due  to  the  large  surface  areas 
of  the  thermoelements  deteriorate  the  operating  performance.  In 


Table  3 

The  power  generation  performance  of  Bi— Sb— Te-based  devices. 


Devices 

Leg-size 

Power-generator 

References 

Length  (mm) 

width  (mm) 

Thickness  (pm) 

AT(I<) 

V0p  (mV) 

Pmax  (pW) 

38 -n 

2.5 

0.2 

2 

65 

12.4 

16.02 

Our  work 

100-pair-of -n/p 

2 

0.25/0.425 

0.5 

40 

430 

0.032 

[8] 

242-pair-of -n/p 

100  pm  (diameter) 

x  20  pm  (thickness) 

22.3 

294 

5.9 

[9] 

7-pair-of -n/p 

15 

1 

1 

30 

83.3 

0.21 

[16] 

20-pair-of -n/p 

12 

0.2 

4 

45 

/ 

1.3 

[17] 

11-pair-of -n/p 

12  mm  x  12  mm  (device  area) 

50.6 

/ 

1.9 

[18] 
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addition,  the  results  are  lower  than  the  predicted  results  due  to  the 
electrical  contact  resistances  between  the  metallic  junctions  and  TE 
elements.  It  is  expected  that  these  electrical  contact  resistances 
could  be  reduced  by  using  a  Ti/Au  interface  layer  in  the  fabrication 
process  [22  .  The  columnar  structure  electrode  is  similar  as  a  par¬ 
allel  microchannel  which  can  create  some  sort  of  channels  for  the 
easy  transport  of  electrons  and  phonons  in  the  device,  possibly 
leading  to  further  improve  the  electrical  contact  resistance  23]. 
The  optimized  aspect  ratio  of  the  thermoelements  also  remains  to 
be  explored.  Additionally,  the  properties  of  materials  should  be 
further  improved  by  controlling  ordered  lattice,  pillar  diameter, 
layer  thickness,  etc. 

4.  Conclusion 

Highly  ordered  vertical  n-Bi2Te2.7Seo.3  pillar  array  and  layered 
structure  Ag  films  showed  a  promising  in-plane  property.  38  n- 
Bi2Te2.7Seo.3  pillar  array  legs  micro-device  with  layered  Ag  elec¬ 
trode  was  successfully  fabricated  using  the  magnetron  sputtering 
and  mask-assisted  deposition  technology.  A  remarkably  enhanced 
performance  could  be  achieved  in  pillar  array  device  with  layered 
electrode  owing  to  synergistic  effect  between  thermoelectric  pillar 
array  and  layered  electrode  structures.  For  the  pillar  array  device 
with  layered  electrode,  the  output  voltage  and  maximum  power 
were  up  to  12.4  mV  and  16.02  pW,  respectively,  for  a  temperature 
difference  of  65  K.  The  device  could  produce  a  11.1  K  maximum 
temperature  difference  at  current  of  50  mA.  Introduction  of  such 
uniquely  ordered  pillar  array  and  layered  electrode  structures  into 
planar  micro-devices  is  therefore  a  very  promising  approach. 
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